We consider dark matter (DM) with very weak couplings to the standard model (SM), such that its self-annihilation cross section is much smaller than the canonical one, σ v χ χ 10 −26 cm 3 /s. In this case DM self-annihilation is negligible for the dynamics of freeze-out and DM dilution is solely driven by efficient annihilation of heavier accompanying dark sector particles provided that DM maintains chemical equilibrium with the dark sector. This chemical equilibrium is established by conversion processes which require much smaller couplings to be efficient than annihilation. The chemical decoupling of DM from the SM can either be initiated by the freeze-out of annihilation, resembling a co-annihilation scenario, or of conversion processes, leading to the scenario of conversion-driven freeze-out. We focus on the latter and discuss its distinct phenomenology.
Introduction
A wide range of cosmological and astrophysical observations require the extension of the standard model (SM) of particle physics by a (cold) dark matter (DM) candidate, see e.g. [1] for a review on its evidence. Its abundance in the Universe today can be elegantly explained by a thermal relic from early Universe dynamics. Among such scenarios, thermal freeze-out is one of the simplest and most attractive ones. In this case DM is assumed to be in thermal contact in the very early Universe and decouples once the temperature drops significantly below the DM mass. Appealing features of this mechanism are that the resulting abundance is independent of the not very-well constrained physics prior to freeze-out (e.g. inflation and reheating) and that DM is guaranteed to be sufficiently cold to allow for successful structure formation. In the simplest freezeout scenario the break-down of DM self-annihilation initiates the chemical decoupling of DM from the SM. In this case, imposing the relic abundance to match the observed value, Ω CDM h 2 0.12, requires the respective thermally averaged annihilation cross section to be of the order of σ v χ χ ∼ g 4 χ /m 2 χ ∼ 10 −9 GeV
. This relation singles out an allowed band in the plane spanned by the DM mass, m χ , and the characteristic DM-SM coupling strength, g χ . It contains the weakly interacting massive particle (WIMP) as a special case, m χ ∼ v EW , g χ ∼ g EW .
A variety of ongoing experiments probe large portions of this band. However, most searches are subject to a large model-dependence. For models with dominant s-wave annihilation the most direct test of the self-annihilating nature of DM is provided by indirect detection experiments. Masses below a few GeV are excluded by limits from the non-observation of effects of energy injection during recombination in the cosmic microwave background [2] . These limits are rather independent of the actual annihilation process and do not contain uncertainties from the DM density profile. For larger masses limits from Fermi-LAT dwarfs [3] and eventually from cosmic-ray antiprotons [4] constrain the above scenario, reaching up to m χ 500 GeV for non-leptonic annihilation channels.
These results and a variety of additional experimental constraints narrow down the allowed parameter space of the simplest models of thermal relics. Hence it is interesting to consider alternative thermal scenarios that do not just evade these bounds but could potentially point to novel and unexplored signatures of DM. In this article we consider scenarios where the self-annihilation of DM is not responsible for the dynamics of freeze-out. In fact, we assume it to be negligible σ v χ χ 10 −9 GeV
. This can be realized once a second, slightly 1 heavier particle is contained in the dark sector and drives the dilution of the dark sector abundances as it can be the case in the coannihilation scenario [6] . In this scenario conversion processes within the dark sector are assumed to be efficient thus maintaining chemical equilibrium among dark sector particles. Consequently, chemical decoupling is usually expected to be initiated by the break-down of annihilations. However, chemical decoupling can also be initiated by the break-down of conversion processes leading to conversion-driven freeze-out [7] (or co-scattering [8] ). This latter possibility can be realized for very small DM-SM couplings.
In the Sec. 2 we review the general features of conversion-driven freeze-out. A realization within a simple t-channel mediator DM model, its numerical solutions and constraints are discussed in Sec. 3. We conclude in Sec. 4.
1 For a viable exception see e.g. [5] . 1 
Conversion versus annihilations
A commonly made assumption in co-annihilation scenarios is that conversion processes between DM and the slightly heavier co-annihilating partner(s) are thoroughly efficient during freezeout. In this case, relative chemical equilibrium is maintained, n χ i /n eq χ i = n χ j /n eq χ j , and annihilations can be described by an effective, thermally averaged cross section [6] 
where n eq χ = ∑ i n eq χ i and i, j runs over all dark sector particles. For a large hierarchy in the couplings to the SM between DM and the co-annihilating partner(s), σ v i j could be negligible for all channels containing DM in the initial state. Dark matter dilution is then entirely driven by annihilations of heavier states.
The rate of conversion processes, which contain light SM degrees of freedom in the initial state, is expected to be boosted relative to the rate of dark sector annihilations for T < m χ :
where a, b are SM particles. For simplicity, in (2.2) we only consider conversions via a 2 → 2 scattering cross section. However, inverse decays or 2 ↔ 3 scattering processes can also be important in general. There are two regimes regarding the size of the conversion terms and hence the temperature where the chemical decoupling (indicated by the subscript CD) in the dark sector takes place:
T CD, ann : Chemical equilibrium within the dark sector breaks down well after the chemical decoupling of the dark sector from the SM takes place. This resembles the usual co-annihilation scenario.
(ii) T CD, con T CD, ann : Chemical decoupling of DM from the dark sector takes place before or during chemical decoupling of the dark sector from the SM. This regime is called conversiondriven freeze-out [7] (or co-scattering [8] ).
In the latter case Γ con determines the relic density. For a typical freeze-out temperature of T CD, ann ∼ m χ /25, and considering Γ con /Γ ann ∼ 1 at chemical decoupling, σ v χ i a→χ j b could be smaller than σ v eff by a factor of e −25 ∼ 10 −11 . Accordingly, conversion-driven freeze-out is realized for very weak DM couplings to the SM.
Numerical example 3.1 A minimal model
We consider one of the simplest example models providing a co-annihillation dark sector, namely a simplified dark matter model with a t-channel mediator:
where q is a SM quark field,q is a scalar partner of the quark (sharing the same gauge quantum numbers) and the DM χ is a Majorana fermion. Here D µ denotes the covariant derivative, (1 − γ 5 )/2 is the left-handed projection operator and λ χ is the DM coupling strength. The model is similar to a limiting case of supersymmetry where χ is a bino-like neutralino andq is a right-handed squark. Unlike in the minimal supersymmetric SM, λ χ is not set by the SM gauge couplings but considered to be a free parameter of the model. The model respects a Z 2 -symmetry under which all SM fields are even while χ andq are odd. An additional Higgs portal coupling of type Φ † Φq †q is allowed by the symmetries as well. However, in the following we assume it to be negligible for simplicity since it does not affect the qualitative picture. For a more detailed discussion of the model and its phenomenology see for example [7, 9, 10] . We consider the two cases of a bottom and top partner, q = b,t.
Evolution of abundances
For the general case where neither T CD, con T CD, ann nor T CD, con T CD, ann is guaranteed a set of coupled Boltzmann equations has to be solved. For the minimal model considered here they read
where Y i = n i /s is the comoving number density for the species i, s is the entropy density, H denotes the Hubble parameter while x = m χ /T parametrizes the temperature dependence. The first two terms in brackets in each equation represent annihilations into SM particles, while the last three terms (second lines) represent conversions within the dark sector. Among these Γ χ→q is the thermally averaged rate for 2 → 2 (or 2 ↔ 3, relevant for q = t) scattering, Γq is the thermally averaged decay rate while the last term represents pair conversion within the dark sector. The latter can usually be neglected as it is subdominant (O(λ 4 χ )) whenever chemical equilibrium is questionable (and hence λ χ is small).
For sizeable couplings λ χ the conversion rates are much faster than the Hubble rate such that chemical equilibrium in the dark sector is a good assumption. This can be used to reduce Eqs. 10 -10 the freeze-out of a typical thermal relic or the b freezeout. The slow decline of the abundance after this point is due to the close-to inefficient conversion terms which remove over-abundant s.
In Fig. 2 we show the dependence of the final freezeout density on the coupling (red solid line). For large enough coupling, the solution coincides with the result that would be obtained when assuming CE (blue dotted line). The relic density is in this case largely set by the strength of b self-annihilation into gluons. When lowering the value of , conversions b become less efficient and we end up with a relic density that lies above the value expected for full CE. For the benchmark scenario shown in Fig. 2 , the freeze-out density matches the value determined by Planck [14] for a coupling of 2.6 10
Above we assumed that both and b have thermal abundances for T m . While this assumption is certainly well justified for b, one may question the dependence on the initial condition for due to its small coupling to the thermal bath. We check the dependence on this assumption by varying the initial abundance at T = m between (0 100) Y eq . The evolution of the abundances for our benchmark point are shown in Fig. 3 , for early times (x < 20). We find that all trajectories converge before x < 5, thereby effectively removing any dependence of the final density on the initial condition at x = 1 (for a discussion of kinetic equilibration, see [13] ).
[ToDo: Comment more on kinetic equilibration.] The dependence of the final freeze-out density on the initial condition is also indicated in Fig. 2 by the area shaded in red, and is remarkably small. Therefore, conversiondriven freeze-out is largely insensitive to details of the thermal history prior to freeze-out and in particular to a potential production during the reheating process. Note that this feature distinguishes conversion-driven freezecoupling such that it was never in thermal contact (e.g. freeze-in production [15] ). Thus, while requiring a rather weak coupling, the robustness of the conventional freezeout paradigm is preserved in the scenario considered here.
[ToDo: Emphasis importance of coupled BE's. Effect larger than unintegrated BE's.]
As discussed before, conversions b are driven by two types of processes, decay and scattering. It turns out that quantitatively both are important for determining the freeze-out density. To illustrate the importance of scattering processes, we show the freeze-out density that would be obtained when only taking decays into account by the gray dashed line in Fig. 2 . Furthermore, the gray shaded area indicates the dependence on initial conditions that would result neglecting scatterings. We find that scattering processes, that are active at small x, are responsible for wiping out the dependence on the initial abundance in the full solution of the coupled Boltzmann equations.
VIABLE PARAMETER SPACE
We will now explore the parameter space consistent with a relic density that matches the DM density measured by Planck, h 2 = 0.1198 ± 0.0015 [14] . In the considered scenario, for small couplings, b b † annihilation is the only efficient annihilation channel. Hence the minimal relic density that can be obtained for a certain point in the m -m e b plane is the one for a coupling that just provides CE (but is still small enough so that -and b-annihilation is negligible). The curve for which this choice provides the right relic density defines the boundary of the valid parameter space and is shown as a black, solid curve in Fig. 4 . Below this curve a choice of sufficiently large to support CE would undershoot the Figure 1 : Left panels: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative to the Hubble rate. Right panels: Evolution of the resulting abundance (solid curves) of b (blue) and χ (red) as well as the corresponding equilibrium abundances (dashed curves). Both quantities are plotted as a function of the temperature parameter x = m χ /T . We consider m χ = 500 GeV, m b = 510 GeV as well as λ χ = λ SUSY 0.17 (upper panels) and λ χ ≈ 2.6 × 10 −7 (lower panels) [7] .
For much smaller couplings, λ χ 10 −6 , conversion processes start to become inefficient during the freeze-out ofb, Γ con /H ∼ 1. Therefore the solution of the coupled set of Boltzmann equations is necessary. 3 The evolution of the relative rates and the abundance is shown for λ χ ≈ 2.6 × 10 −7 which is the coupling that provides the right relic density for the chosen mass point m χ = 500 GeV, m b = 510 GeV. In this case Y χ already departs from thermal equilibrium at around x ∼ 3 while a significant depletion of DM occurs up to x 100. Both abundances have a non-trivial evolution. Hence, for this scenario the process of freeze-out extends over a large range of x -in contrast to a typical WIMP. Figure 2 shows the resulting relic density as a function of the coupling over the range from 10 −7 to O(1). In the regime of O(1) couplings χ self-annihilation or χ-b co-annihilation are relevant and hence introduce a dependence on λ χ (region A). For smaller couplings mediator 3 As the elastic scattering cross section χa → χa is suppressed by λ 4 χ , at first sight the assumption of kinetic equilibrium -justifying the solution of the integrated Boltzmann equations (3.2) and (3.3) -appears questionable as well. However, as shown explicitly in [7] , the DM momentum distribution does not deviate significantly from the thermal one and the integrated equations provide a good approximation. Due to the small mass splitting DM approximately inherits the momentum distribution of the mediator, which is kept in kinetic equilibrium throughout the freeze-out process thanks to its strong coupling to the SM. pair-annihilations dominate the annihilation while λ χ is still large enough to maintain chemical equilibrium in the dark sector, Γ H (region B). In this region the relic density is independent of λ χ . Finally, for λ χ 10 −6 we enter the conversion-driven regime (region C), introducing a λ χ -dependence through the conversion rates.
Viable parameter range
Conversion-driven freeze-out opens up a cosmologically viable region in parameter space with small mass splittings between DM and the mediator that yields Ωh 2 0.12. If chemical equilibrium was maintained within the dark sector, efficient co-annihilations would lead to Ωh 2 < 0.12 in that case. The respective region in parameter space is shown in Fig. 3 below the thick black curve. In fact, the thick black curve separates the regions A (above) and C (below) defined in the last paragraph, while region B resides on the curve. Here we consider the case of the bottom-and top-philic DM model in the left and right panel, respectively.
The green thin curves in Fig. 3 indicate contours of constant coupling strength λ χ providing Ωh 2 = 0.12. The coupling varies between 10 −7 and 10 −6 in the bottom-philic model and 3 × 10 −6 and 10 −3 for the top-philic model. The reason for the larger coupling and the larger range spanned in the latter case is due to the fact that all 2 → 2 conversion processes contain at least one heavy SM particle, namely a W -boson or a top-quark, in the initial or final state. This leads to an additional Boltzmann suppression (either directly through the W or t abundance or through phasespace suppression, if particles are in the initial or final state, respectively) which is particularly strong for small DM masses. In this regime 2 ↔ 3 processes become dominant. Figure 3 also displays the resulting lifetime (or decay length) of the mediator as (gray) dotted curves. The lifetime is drastically different for the two considered models. For the bottom-philic model, in a large portion of the allowed parameters space providing conversion-driven freeze-out the 2-body decayb → χb is open and hence the decay is only suppressed by the smallness of the coupling λ χ . In fact, for the bottom-philic model the decay rate and the 2 → 2 scattering rate during freeze-out are of the same order (cf. left panels of Fig. 1 ). The resulting decay length is of the order of a few to a few tenth of a cm. This range provides interesting signatures at colliders, see Sec. 3.4.
The situation is vastly different in the top-philic model. In the allowed conversion-driven freeze-out parameter region the 2-body decay is forbidden and the decay of the mediator proceeds solely through the 4-body decay. Due to this extra suppression the decay length is always large compared to the detector-size of colliders. The long lifetime could even be in conflict with BBN for τ 1 sec. The respective bound utilizing the results from [14] is shown as the red shaded region in the right panel of Fig. 3 . Furthermore, compared to the rates of the leading 2 → 2 or 2 ↔ 3 conversion processes the decay rate is negligible during freeze-out.
Distinct signature
Due to the small couplings and the λ 4 χ suppression of the annihilation cross section χ χ → SM or elastic DM-nucleon scattering χSM → χSM the allowed conversion-driven freeze-out region is not challenged by indirect or direct detection searches. However, the sizeable coupling required to efficiently annihilate away the mediator leads to significant interactions of the mediator with the SM and hence supports the possibility of searching for the mediator. In our example of a strongly coupled mediator its production cross section at the LHC is sizeable. On top of that the mediator decay length for conversion-driven freeze-out with mediator mass in the GeV-TeV range is macroscopic. This leads to long-lived particles which constitute a very distinct signature at the LHC (for a recent, comprehensive account on long-lived particles at the LHC see [15] ).
Defining x dec to be the temperature parameter where the decay is on the edge of being efficient, Γ dec ∼ H(x dec ), and assuming freeze-out to take place in the radiation dominated era with the number of relativistic degrees of freedom in the SM being g * 100, we can derive
This general relation between the mass of the mediator and its decay-length, relevant for the LHC, is illustrated in Fig. 4 . It highlights the domains of prompt decays (red shaded), decays within the detector (green shaded) and detector-stable mediators (blue shaded) in the plane spanned by the mediator mass and x dec . For the conversion-driven freeze-out scenario considered here Γ con /H ∼ 1 around freeze-out, x fo ∼ 25, and hence x dec ∼ x fo or x dec x fo , depending on whether the decay provides a sizable contribution to the conversion or not. 4 In our case the bottom-and top-philic model falls in the first and second class, respectively. For the mass range explorable at the current and future updates of the LHC the two scenarios predict lifetimes leading to decays inside the tracker and detector-stable mediators, respectively. Both signatures provide promising prospects.
The (reinterpreted) limits from the 8 and 13 TeV LHC searches for heavy stable charged particles [16, 17] are shown as the dark and light blue shaded regions in Fig. 3 . As the limits are suppressed due to the small fraction of mediators in the bottom-philic model that pass the whole detector (given its small decay length) these limits are much weaker in this case. In contrast the limits exclude a significant part of the allowed parameter space for the top-philic model leaving a small part of the parameter space between around 1.2 and 1.6 TeV only which can be probed entirely by 300 fb −1 at the 13 or 14 TeV LHC [10] . 4 To be more precise, in the former case Γ dec /H ∼ 1 should rather hold for the rate of the inverse decay which behaves like Γ dec, inv = n e/n eq χ Γ dec ∼ e −∆m/T Γ dec . In contrast to the decay which becomes more and more efficient with decreasing temperature (Γ dec /H ∝ T −2 in the non-relativistic regime and in radiation domination), the inverse decay experiences an additional exponential suppression when T ∆m. It hence reaches its maximum before this suppression becomes sizeable. Therefore, by construction, in scenarios where the inverse decay is a relevant contribution to conversion, chemical decoupling takes places at T ∼ ∆m where the size of the decay and inverse decay rate is of the same order of magnitude. Nevertheless, we emphasize that, due to a number of neglected O(1)-factors, eq. (3.4) only provides a rough order-of-magnitude estimate.
Another existing search probing a small part of the allowed parameter region of the bottomphilic model is the mono-jet search [18] that solely relies on the recoil against the missing energy caused by DM, not exploiting the macroscopic decay length of the mediator. The corresponding limit is shown as the red shaded region in the left panel of Fig. 3 . A dedicated search for disappearing R-hadron tracks or displaced jets (kinked tracks) is expected to greatly strengthen the constraints on the model covering large parts of the yet unexplored region. Current searches e.g. for disappearing tracks from long-lived charginos are not directly applicable to our scenario.
Conclusion
In this article we discussed a novel variant of freeze-out that we call conversion-driven freezeout. In this scenario DM interacts only very weakly with the SM rendering its self-annihilation negligible during freeze-out. Nevertheless, a sufficient dilution and cooling of DM can be driven by a mediator with strong thermal contact to the SM in combination with conversion processes within the dark sector. Typically, the latter require much smaller couplings to be efficient than annihilation processes during chemical decoupling due to the appearance of light SM particles in the initial state with non-Boltzmann suppressed number densities. However, for sufficiently small coupling they can initiate the chemical decoupling and hence govern the relic density. This scenario provides a distinct phenomenology.
In general, the relic density computation in this scenario requires the numerical solution of the full coupled set of Boltzmann equations. We discuss a simple t-channel model with a scalar top or bottom partner as a mediator. Both choices provide a cosmologically valid parameter space in the conversion-driven regime with couplings in the range between 10 −7 and 10 −3 -out of reach of indirect or direct detection searches in the foreseeable future. However, due to a sizeable production cross section at colliders and macroscopic decay length of the mediator, the scenario can be probed by long-lived particle searches at the LHC. While the former model predicts detector-stable mediators the latter predicts mediator decay length of the order of the tracker size providing disappearing R-hadron tracks and/or displaced b-jets.
